Trappe TA, Carroll CC, Dickinson JM, LeMoine JK, Haus JM, Sullivan BE, Lee JD, Jemiolo B, Weinheimer EM, Hollon CJ. Influence of acetaminophen and ibuprofen on skeletal muscle adaptations to resistance exercise in older adults. Am J Physiol Regul Integr Comp Physiol 300: R655-R662, 2011. First published December 15, 2010; doi:10.1152/ajpregu.00611.2010.-Evidence suggests that consumption of over-the-counter cyclooxygenase (COX) inhibitors may interfere with the positive effects that resistance exercise training has on reversing sarcopenia in older adults. This study examined the influence of acetaminophen or ibuprofen consumption on muscle mass and strength during 12 wk of knee extensor progressive resistance exercise training in older adults. Thirty-six individuals were randomly assigned to one of three groups and consumed the COX-inhibiting drugs in double-blind placebo-controlled fashion: placebo (67 Ϯ 2 yr; n ϭ 12), acetaminophen (64 Ϯ 1 yr; n ϭ 11; 4 g/day), and ibuprofen (64 Ϯ 1 yr; n ϭ 13; 1.2 g/day). Compliance with the resistance training program (100%) and drug consumption (via digital video observation, 94%), and resistance training intensity were similar (P Ͼ 0.05) for all three groups. Drug consumption unexpectedly increased muscle volume (acetaminophen: 109 Ϯ 14 cm 3 , 12.5%; ibuprofen: 84 Ϯ 10 cm 3 , 10.9%) and muscle strength (acetaminophen: 19 Ϯ 2 kg; ibuprofen: 19 Ϯ 2 kg) to a greater extent (P Ͻ 0.05) than placebo (muscle volume: 69 Ϯ 12 cm 3 , 8.6%; muscle strength: 15 Ϯ 2 kg), when controlling for initial muscle size and strength. Follow-up analysis of muscle biopsies taken from the vastus lateralis before and after training showed muscle protein content, muscle water content, and myosin heavy chain distribution were not influenced (P Ͼ 0.05) by drug consumption. Similarly, muscle content of the two known enzymes potentially targeted by the drugs, COX-1 and -2, was not influenced (P Ͼ 0.05) by drug consumption, although resistance training did result in a drug-independent increase in COX-1 (32 Ϯ 8%; P Ͻ 0.05). Drug consumption did not influence the size of the nonresistance-trained hamstring muscles (P Ͼ 0.05). Over-thecounter doses of acetaminophen or ibuprofen, when consumed in combination with resistance training, do not inhibit and appear to enhance muscle hypertrophy and strength gains in older adults. The present findings coupled with previous short-term exercise studies provide convincing evidence that the COX pathway(s) are involved in the regulation of muscle protein turnover and muscle mass in humans.
training, which increases muscle protein synthesis, muscle mass, and muscle function in men and women from 60 to Ͼ 90 yr of age (12, 14, 17, 53) .
Short-term studies in humans using stable isotopic tracers to examine the rate of muscle protein synthesis following a single session of resistance exercise show that over-the-counter doses of acetaminophen (4,000 mg/day) and ibuprofen (1,200 mg/ day) block the normal increase in muscle protein synthesis (50) . This removal of the normal muscle protein synthesis response corresponded with the blockade of an increase in the cyclooxygenase (COX) product prostaglandin F 2␣ (48) , a known regulator of muscle protein synthesis (32, 39, 45, 52) . Studies in animals also show that chronic COX-inhibitor consumption attenuates muscle hypertrophy and regrowth from atrophy (4, 29, 43) .
We hypothesized that daily consumption of acetaminophen or ibuprofen during 12 wk of resistance exercise training would reduce the normal muscle mass and strength benefits typically observed in older adults.
MATERIALS AND METHODS

Overall Study Design
This study was a randomized, placebo-controlled, double-blind, 12-wk investigation. During the 12 wk, subjects completed a progressive resistance training program of the lower extremities three times per week and consumed a placebo, acetaminophen, or ibuprofen. The study was conducted at the Human Performance Laboratory at Ball State University and Ball Memorial Hospital and was approved by the Institutional Review Boards of both institutions. All study procedures, risks, and benefits were explained to the subjects before giving written consent to participate.
Subjects
Men and women were recruited from the Muncie, IN area. Subjects completed a medical screening exam, which included routine blood and urine clinical chemistries, a resting and exercise electrocardiogram, and a detailed health and exercise history questionnaire. Subjects were excluded if they had any cardiac, orthopedic, or neuromuscular conditions that would preclude them from participating in a resistance exercise training program, abnormal blood or urine chemistries, arthritis, diabetes, uncontrolled hypertension, or any condition that would be a contraindication to taking acetaminophen or ibuprofen for 3 mo, if they were chronically consuming any prescription or nonprescription COX-inhibiting drugs, if they were involved in any formal aerobic or resistance exercise training program, if they smoked, or if they were Ͻ 60 or Ͼ 85 yr of age.
Of the 61 individuals that consented to be screened for participation in the study, 17 were excluded due to medical reasons, seven decided not to participate for personal reasons, and one individual sustained a back injury unrelated to the study after starting the resistance training. Subject characteristics of the 36 men and women included in the study are presented in Table 1 .
Interventions
Resistance exercise training protocol. All subjects completed a progressive resistance exercise training program of bilateral knee extension that was designed to hypertrophy and strengthen the m. quadriceps femoris (14, 17, 42) , using a protocol employed for several previous investigations in our laboratory (42) . Each subject was scheduled for resistance training three times per week over the 12 wk for a total of 36 sessions on an isotonic knee extension device (Cybex Eagle, Medway, MA). All sessions were supervised by a member of the research team. Each session was separated by at least 1 day and consisted of 5 min of light cycling (model 828E; Monark Exercise, Vansbro, Sweden), two sets of five knee extensions at a light weight, followed by three sets of 10 repetitions with 2 min of rest between sets. Training intensity was based on each individual's one repetition maximum (1 RM) and was adjusted during the training based on each individual's training session performance and biweekly 1 RM.
COX-inhibitor consumption. Drugs were administered in doubleblind, placebo-controlled fashion as we have previously described (6, 50) . Each drug was administered in 3 doses/day (ϳ8 AM, ϳ2 PM, ϳ8 PM) corresponding to the maximal over-the-counter daily dose (acetaminophen: 1,500 mg, 1,500 mg, 1,000 mg, 4,000 mg total; ibuprofen: 400 mg/dose, 1,200 mg total). The placebo group was given an identical number of pills/dose (3 pills), which were indistinguishable from the drug doses. Each subject was given the doses in weekly batches (21 doses) in pillboxes labeled with the date and consumption time. At the end of each week subjects were asked to return all of the pillboxes. Subjects were instructed to not consume any other COXinhibiting drugs outside of the study.
Compliance with the requested drug consumption was completed in two ways: direct and indirect. Direct compliance was determined by a member of the research team watching the subject consume their dose in person while at their scheduled training session (3 doses/wk) or by personal digital video (18 doses/wk), as previously described (6) . Each subject was provided a small camera that allowed them to video record, by virtue of a rotating lens feature, the consumption of each dose. Each video was automatically time and date stamped, downloaded to a laboratory computer, and watched by a research team member to confirm dose consumption. Indirect compliance was monitored by counting the number of pills remaining in the pillboxes returned by the subjects each week.
Potential side effects of drug consumption were monitored via monthly blood draws for renal (creatinine), hepatic (alanine aminotransferase), and hematologic (hematocrit) measures.
Muscle Volume
Knee extensor (m. quadriceps femoris) muscle volume was measured with MRI before and at the end of the 12-wk period as we have previously described in detail for sarcopenia studies of aging and chronic bed rest (47, 49) . The hamstrings muscles (mm. semimembranosus, semitendinosus, and biceps femoris) were also measured to determine the influence of drug consumption on nonexercised muscle.
Subjects rested in the supine horizontal position for 1 h prior to scanning to prevent the influence of fluid shifts on muscle volume (1) .
No exercise or strenuous activity was allowed within 24 h of scanning, which was completed at the same time of day for each subject using a nonmetallic foot restraint to control joint angle (muscle length) and leg compression. Imaging was completed in a 1.5T scanner (Genesis Signa, GE Medical Systems, Milwaukee, WI) by using serial interleaved images 8-mm thick (TR: 2,000 ms, TE: 9.0 ms, 512 ϫ 512 matrix, field of view: 480 ϫ 480 mm). MR images were transferred electronically from the scanner to a personal computer (iMac G5) at the Human Performance Laboratory and analyzed with NIH Image software (Image J, version 1.34 h) using manual planimetry. A detailed description of the manual planimetry measurements and associated variability has been presented previously (47, 49) . The cross-sectional area (cm 2 ) of the muscle(s) of interest in a given slice was determined, and the muscle volume (cm 3 ) was calculated by multiplying the cross-sectional area by the slice thickness. The right limb of each subject was used for all measurements. Measurements were completed by the same investigator in blinded fashion.
Muscle Strength
Muscle strength was measured three times prior to training and twice during the final week of the 12-wk training period by determining the maximum amount of weight each subject could lift through a full range of motion one time (i.e., 1 RM) on the resistance exercise training device (42) . The highest weight lifted before and at the end of the 12 wk was considered the pre-and posttraining 1 RM.
Muscle Biopsy
Subjects underwent a muscle biopsy (2) of the m. vastus lateralis before and at the end of the resistance training program for the measurement of muscle protein content, muscle water content, myosin heavy chain (MHC) distribution, and COX protein and mRNA levels. Biopsies were obtained in the early morning (ϳ7 AM) after at least 30 min of supine rest and after an overnight fast of ϳ12 h. The evening meals prior to the biopsy were supplied in liquid form (Ensure Plus, 57% carbohydrate, 15% protein, and 28% fat), and provided 50% of the estimated daily caloric need (1.5ϫ predicted resting metabolic rate) to standardize the composition, amount, and timing (i.e., duration of the fast) of the final meal consumed prior to the biopsy. In addition, no testing or training was completed for 3 days prior to each biopsy.
Following the biopsy, excess blood, visible fat, and connective tissue were removed, and portions of the muscle to be used for all of the aforementioned analyses except COX mRNA were immediately frozen and stored in liquid nitrogen (Ϫ190°C) until analysis. A separate portion of the muscle was immediately stored in 0.5 ml RNAlater (Ambion, Austin, TX) at 4°C for a 24-h incubation period and then placed at Ϫ20°C until analysis of COX mRNA.
Biopsies were obtained from and analyses were completed on 34 individuals (minus one subject from each drug group) for muscle protein and water content, MHC distribution, and COX proteins, and 33 individuals (minus one subject from each group) for COX mRNA.
Muscle Protein and Water Quantification
For each biopsy sample, a piece of muscle (14.95 Ϯ 0.46 mg) was weighed on a precision microbalance (Cahn 35; Orion Research, Beverly, MA) at Ϫ35°C, placed in a vented cryovial, freeze-dried for ϳ72 h (Flexi-Dry; FTS Industries, New York, NY), and reweighed at Ϫ35°C. Following freeze drying, each sample was homogenized in 40 volumes of cold homogenizing buffer (250 mM sucrose, 100 mM potassium chloride, 20 mM imidazole, and 5 mM EDTA; pH 6.8) in a ground-glass homogenizer (Radnoti Glass Technology, Monrovia, CA) (10) . An aliquot of each homogenate was measured for protein concentration using the bicinchoninic acid assay (Sigma) with bovine serum albumin used as the protein standard (20, 44) . The amount of protein and water in each sample was normalized to muscle wet weight. Data are means Ϯ SE. *Significant difference from placebo, P Ͻ 0.05; †no significant difference among values for all 3 groups, P Ͼ 0.05.
Muscle MHC Isoform Distribution
Each muscle protein homogenate sample was centrifuged at 20,000 g for 30 min at 4°C, the supernatant removed, and the pellet resuspended in 40 volumes of cold homogenizing buffer. MHC isoform composition of each resuspended protein sample was determined in triplicate from an SDS buffer-diluted aliquot heated to 100°C for 5 min. MHC isoforms were separated with SDS-PAGE with a 3.5% stacking gel and 5% separating gel. Electrophoresis was performed at 150 V for ϳ15 h with a Tris-glycine electrode buffer at 4°C (Hoeffer SE 600; Amersham Pharmacia Biotech, Piscataway, NJ). The separating gels were silver stained (18) , and digitally photographed (ChemImager 5500; Alpha Innotech, San Leandro, CA), and densitometry was completed to determine the percent contribution of each isoform of the total (100%). The average density of each isoform from the three lanes loaded was taken as the MHC distribution for that sample (20, 44) .
Muscle COX mRNA Measurements
RT-quantitative PCR (RT-qPCR) was completed to determine the mRNA levels of the known COX isoforms and variants: COX-1 [both variant 1: COX-1v1 and variant 2: COX-1v2 (11, 41)], COX-2, and the intron-retaining COX-1 [also referred to as COX-3 (7)] variants (COX-1b 1, -1b2, and -1b3), as we have previously described (5, 52) .
Total RNA extraction and RNA quality check. Each muscle sample was removed from the RNAlater and placed in a mixture of 0.8 ml of TRI Reagent and 4 l of PolyAcryl Carrier (Molecular Research Center, Cincinnati, OH). The tissue was homogenized and total RNA was extracted according to the manufacturer's protocol. The RNA pellet was dissolved in 30 l of nuclease-free water and then stored at Ϫ80°C. The quality and integrity (RIN of 8.12 Ϯ 0.03) of extracted total RNA (113.28 Ϯ 4.51 ng/l) was evaluated using a RNA 6000 Nano LabChip kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Reverse transcription. Oligo(dT) primed first-strand cDNA was synthesized (150 ng of total RNA) using SuperScript II RT (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. All thermal incubations and chilling were done in a Peltier Thermal Cycler with dual-block DNA engine (MJ Research, Waltham, MA) to provide temperature homogeneity and identical temperature ramping for all samples.
RT-qPCR. Quantification of mRNA levels (in duplicate) was performed in a 72-well Rotor-Gene 3000 centrifugal real-time cycler (Corbett Research, Mortlake, NSW, Australia). Housekeeping gene GAPDH was used as a reference gene. The validation of GAPDH was performed to insure that its expression was unaffected by the experimental treatments, as we have previously described (25, 36, 52) . All primers used in this study were mRNA specific and designed for qPCR (Vector NTI Advance 9 software, Invitrogen) using SYBR Green chemistry. Details about primer characteristics and sequences, as well as the qPCR parameters and amplicon melting curve analysis have been reported previously (5, 52) .
Relative qPCR data analysis. The COX gene expression before and after the 12 wk of resistance exercise training was compared using the 2 Ϫ⌬CT (arbitrary units) quantification method (28, 36, 52) . A serial dilution curve was generated for each qPCR run to evaluate reaction efficiencies. To make the dilution curve for GAPDH and COX isoforms and variants, the cDNA from total RNA of human skeletal muscle (500 ng; Ambion, Austin, TX) was used. The amplification calculated by the Rotor-Gene software was specific and highly efficient (efficiency ϭ 1.16 Ϯ 0.03; R 2 ϭ 0.99 Ϯ 0.00; slope ϭ 3.02 Ϯ 0.06).
Muscle COX Protein Measurements
COX-1 and COX-2 protein measurements were completed as we have previously described (5 , and aliquots of the homogenate were diluted in SDS sample buffer and heated to 95°C for 5 min. Proteins (80 g) were separated with a 4 -20% gradient gel (Pierce) using SDS-PAGE for 2 h at 75 V (Mini Protean 3 system; Bio-Rad Laboratories, Hercules, CA) and then transferred to a polyvinylidene fluoride membrane (Immobilon-P; Millipore, Bedford, MA) for 2 h at 200 mA at 4°C. The membrane was blocked with 5% milk for 60 min and then incubated with a monoclonal COX-1 antibody diluted 1:200 (cat. no. 160110; Cayman Chemical, Ann Arbor, MI) in 1ϫ Tris buffered saline, 0.1% Tween-20 (TBS-T) with 0.5% milk or a monoclonal COX-2 antibody diluted 1:500 (cat. no. 160112; Cayman Chemical) in 1ϫ TBS-T at 4°C overnight. Blots were identified by incubation with horseradish peroxidase-conjugated goat anti-mouse IgG diluted 1:7100 (cat. no. 10004302; Cayman Chemical) in 1ϫ TBS-T with 5% milk and then exposed to an enhanced chemiluminescent substrate (ChemiGlow West; Alpha Innotech, San Leandro, CA). Digital images were captured using a chemiluminescent imaging system (FluorChem; Alpha Innotech). Equal protein loading was verified by Ponceau S staining, and sizes of the immunodetected proteins were confirmed by molecular weight markers (Invitrogen) and a positive control COX-1 protein (cat. no. 60100; Cayman Chemical) or COX-2 protein (cat. no. 10009624; Cayman Chemical). To control for intra-assay variability, subject's pre-and posttraining samples were analyzed on the same blot, and each blot contained subjects from all three experimental groups.
COX-1 and COX-2 considerations. We have previously discussed the issues of COX-1 and COX-2 protein quantification by Western blot analysis in detail (5). Briefly, no attempt was made to determine whether our COX-1 measurements reflect the protein product from COX-1v1 or COX-1v2 (41) . Interestingly, COX-1v2 continues to show the highest mRNA expression levels of the COX-1 variants and is responsive to acute and chronic exercise [data reported here and previously (5, 52) ]. For the COX-2 measurements, we did not detect any COX-2 band that migrated with the aforementioned recombinant human COX-2 protein (cat. no. 10009624; Cayman Chemical) or an ovine COX-2 electrophoresis standard protein (cat. no. 360120; Cayman Chemical) in any of the pre-or posttraining samples. All of the muscle samples also had two detectable bands below the 70 kDa region (5), which may be a glycosylated form of COX-2 (8, 22, 27, 30, 31, 33), but these bands were also unchanged over the 12-wk interventions.
Statistical Analysis
Data were analyzed using commercially available software (Statistica; Statsoft, Tulsa, OK). A one-way ANOVA was used to compare the subject characteristics, intervention compliance, and resistance training parameters. A two-way (group and time) ANOVA with repeated measures was used to compare all other parameters. Due to an apparent enhancement of muscle size and strength with drug consumption and the effects of both of these COX-inhibitors on suppressing muscle prostaglandin production and muscle protein synthesis following resistance exercise (48, 50) , a one-way ANCOVA, considering initial muscle size and strength, was used to compare the change in quadriceps muscle size, strength, strength normalized to muscle size, and the muscle biopsy parameters between the drug groups and the placebo group. Post hoc comparisons were made with Tukey's test. Significance was accepted at P Ͻ 0.05. Data are presented as means Ϯ SE.
RESULTS
Intervention compliance with the drug consumption was high and similar (P Ͼ 0.05) among all three groups ( Table 2 ). The 6 -7% noncompliance with the observed compliance was primarily due to technical issues with the personal digital video cameras (6) . Reported compliance from the return of the pillboxes was nearly 100% for all three groups (Table 2 ). There were no measured changes (P Ͼ 0.05) in the renal, hepatic, or hematologic markers during the 12 wk (Table 3) . Resistance training compliance was also excellent, with all individuals from each group completing 100% of their scheduled training sessions ( Table 2 ). All of the resistance training parameters (Table 2) were similar (P Ͼ 0.05) among the three groups, including training intensity and the actual training load.
Quadriceps muscle volume increased (P Ͻ 0.05) substantially over the 12 wk from pretraining values (placebo: 848 Ϯ 103; acetaminophen: 878 Ϯ 76; ibuprofen: 809 Ϯ 62 cm 3 ), but increased by a greater (P Ͻ 0.05) amount in the drug groups compared with the placebo group (placebo: 69 Ϯ 12; acetaminophen: 109 Ϯ 14; ibuprofen: 84 Ϯ 10 cm 3 ) (Fig. 1) . Similarly, quadriceps muscle strength increased (P Ͻ 0.05) substantially over the 12 wk from pretraining values (placebo: 71 Ϯ 8; acetaminophen: 70 Ϯ 8; ibuprofen: 68 Ϯ 6 kg), and increased by a greater (P Ͻ 0.05) amount in the drug groups compared with the placebo group (Fig. 1) . Drug consumption had no influence on the increase (15 Ϯ 1%; P Ͻ 0.05) in quadriceps' strength normalized to muscle size (placebo: pretraining, 1. ). There were no differences (P Ͼ 0.05) from pre-to posttraining in hamstrings muscle size (placebo: pretraining, 28 Ϯ 2; posttraining, 27 Ϯ 2; acetaminophen: pretraining, 33 Ϯ 3; posttraining, 33 Ϯ 3; ibuprofen: pretraining, 28 Ϯ 2; posttraining 28 Ϯ 2 cm 2 ). There were no differences (P Ͼ 0.05) from pre-to posttraining in muscle protein or water content (Fig. 2) . MHC distri- Data are means Ϯ SE. Drug consumption is the % of 252 scheduled doses consumed by the subjects; Observed means % consumed as directly viewed by the research staff in person or on personal digital video; Reported is % consumed based on the number of doses remaining in the returned pillboxes; Exercise training is the % of 36 scheduled exercise training sessions completed by the subjects. RM, repetition maximum. †No significant difference among values for all 3 groups, P Ͼ 0.05. ALT, alanine aminotransferase. There were no significant differences from pretraining for each of the 3 groups in any of the listed renal, hepatic, or hematologic markers, P Ͼ 0.05. Fig. 1 . Change in quadriceps muscle volume and muscle strength from the beginning to the end of the 12-wk resistance exercise training and drug intervention. *Significant increase from pretraining across all three groups, P Ͻ 0.05; †ANCOVA revealed a significant increase compared with placebo, P Ͻ 0.05. bution was not influenced by drug consumption, but the amount of MHC IIa and IIx in the muscle was altered by resistance training across all three groups (MHC I: pretraining, 38 Ϯ 1; posttraining, 39 Ϯ 1%, P Ͼ 0.05; MHC IIa: pretraining, 30 Ϯ 1; posttraining, 33 Ϯ 1%, P Ͻ 0.05; MHC IIx: pretraining, 32 Ϯ 1; posttraining, 28 Ϯ 1%, P Ͻ 0.05).
COX-1 protein content was not influenced by drug consumption but did increase (P Ͻ 0.05) by 32 Ϯ 8% across all three groups with resistance training (Fig. 3) . Correspondingly, the COX-1 mRNA associated variants -v1 and -v2 were not influenced by drug consumption, but did increase (P Ͻ 0.05) by 43 Ϯ 20% and 63 Ϯ 24%, respectively, from pre-to posttraining (Table 4) . COX-2 protein content was not influenced by drug consumption or resistance training (Fig. 3) . COX-2 mRNA was present in the muscle at relatively low levels and was not influenced by drug consumption, but did increase (P Ͻ 0.05) pre-to posttraining across all three groups ( Table 4 ). The mRNA levels of the COX-1b variants [also referred to as COX-3 (7)] showed low-level expression in only a few of the subjects from each group before and after resistance training (data not shown), which is consistent with our previous findings (5, 52) .
DISCUSSION
The results of this study were unexpected and contrary to our original hypothesis, which was rooted in two parts. First, it is generally believed that the repeated increase in muscle protein synthesis following each session of resistance exercise is, at least in part, responsible for the training-induced increase in muscle mass (34, 37, 53) . Second, we had previously shown that both acetaminophen and ibuprofen eliminated this typical increase in muscle protein synthesis following a single session of resistance exercise (50) . The main findings from the present study were: 1) chronic exposure of skeletal muscle to acetaminophen or ibuprofen during resistance training does not inhibit muscle mass gain; 2) skeletal muscle appears to adapt to these COX-inhibiting drugs during resistance training in a way that ultimately promotes additional muscle hypertrophy and strength gains in older individuals; and 3) this effect of the drugs only occurs when the muscle is exercised, as the hamstrings were not trained and did not hypertrophy but were exposed to the drugs for the entire 12-wk period.
The amount of hypertrophy induced in the placebo group by the resistance exercise program used in the present study (90 contractions/wk; ϳ5 min of contraction time/wk) was substantial and similar to what has been reported for resistance training of similar aged individuals (12) . To increase muscle mass by up to an additional 4% (i.e., up to ϳ50% more than the placebo group) with over-the-counter COX inhibitors is remarkable and clinically relevant (14, 15, 23, 24) . Considering the yearly rate of quadriceps muscle mass loss in individuals of this age (12, 16, 19) , the placebo group reversed the equivalent of 6 to 7 yr of sarcopenia with the resistance training. The response of the drug groups reversed nearly 10 yr of sarcopenia. In addition, the similar normalized muscle strength increase in all three groups coupled with the additional ϳ4 kg increase in strength in the drug groups suggests the additional quadriceps mass added by the drug groups was functional muscle and contained appropriate proportions of contractile proteins (44) . This notion is supported by the muscle biopsy findings showing a lack of drug influence on muscle protein content, muscle water content, and MHC distribution after the 12 wk of resistance training.
We considered the possibility that the COX enzymes in the muscle may have been upregulated to overcome the constant inhibition by acetaminophen or ibuprofen over the 12 wk, and in doing so provided for an enhanced PGF 2␣ and protein synthesis response to each exercise session. From the present findings it does not appear this adaptation occurred with either COX-1 or COX-2, as the protein content of both enzymes was not influenced by drug consumption. However, COX-1 protein and mRNA levels were increased as a result of the resistance training, suggesting this enzyme is part of the normal adaptive response to resistance exercise training. These findings are consistent with the recent findings that COX-2 inhibition does not block the acute muscle protein synthesis response to resistance exercise, suggesting the COX-1 enzyme is likely the main isoform responsible for the COX-mediated increase in muscle protein synthesis following resistance exercise in humans (5) .
Although speculative, it is possible the COX inhibition provided by the drugs may have had a relatively stronger inhibitory effect on muscle protein breakdown compared with protein synthesis. Support for this hypothesis comes from the original investigation of prostaglandins and protein turnover in skeletal muscle by Rodemann and Goldberg (39) . They showed COX inhibition suppressed protein degradation by reducing the intramuscular production of PGE 2 in addition to suppressing PGF 2␣ and protein synthesis. However, COX inhibition suppressed protein degradation to a greater extent than protein synthesis, resulting in a significantly higher (ϩ39%) net protein balance. Our original investigation (48, 50) , which provided the basis for the present study hypothesis, focused on the COX regulation of PGF 2␣ production and protein synthesis after exercise primarily due to methodological limitations in studying skeletal muscle protein breakdown in humans (3, 46) . However, that study did show COX inhibition eliminated the normal increase in PGE 2 following resistance exercise (48) . Thus, in the present study it is possible that after each resistance exercise bout protein breakdown was inhibited to a greater extent than protein synthesis, resulting in a more positive net protein balance, more protein accretion, and ultimately more muscle mass over time.
Interestingly, Rieu et al. (38) recently showed in old rodents that daily ibuprofen consumption (approximately double the dose per kilogram body weight used in the present study) over 5 mo increased muscle mass. This response occurred by reducing the low-grade inflammation that occurs with aging, which restored the stimulation of muscle protein synthesis and suppression of muscle protein breakdown associated with feeding (38) . These results do not directly explain the present results (since the hamstring muscles did not hypertrophy in the drug groups), but provide a potential avenue of investigation that may be related to the present findings. Regardless of the underlying basis of the present findings, it is likely the daily effect on muscle mass was subtle, and the cumulative effects of the drug consumption and resistance training manifested only in the latter portion of the study. This suggestion is consistent with the similar training intensity and loads of the drug and placebo groups, which confirms an analgesic component of the drug consumption did not allow the drug groups to train harder ( Table 2 ). It would be interesting to know the impact of an even longer drug and exercise intervention.
The results of the present study are in contrast to animal studies that show an inhibitory effect on muscle hypertrophy with chronic COX-inhibitor consumption (4, 29, 43) . For similar reasons to what we have previously detailed (5), this discrepancy is likely related to different mechanisms regulating the extreme rates of muscle hypertrophy in the animal studies (25-40%/wk) compared with the ϳ0.75 to 1%/wk in the present study. In addition, a 6-wk resistance training study in young men utilizing a within-subjects design and intermittent drug consumption showed no effect of 400 mg/day of ibuprofen on muscle mass (26) . The short-duration training program and low COX inhibitor dose likely explain the discrepancy between that study and the present findings.
Perspectives and Significance
The present findings coupled with previous short-term exercise studies (5, 45, 48, 50, 52) provide convincing evidence that the COX pathway(s) are involved in the regulation of muscle protein turnover and muscle mass in humans. Daily COX inhibitor consumption during resistance training resulted in an ϳ25-50% greater increase in muscle mass and strength compared with a placebo consuming group of older men and women who completed the same 12-wk resistance training program. Although over-the-counter doses of acetaminophen and ibuprofen were used in the present study, the risks associated with COX inhibitors (9, 21, 35) need to be considered before the use of these drugs in any population. Given the millions of individuals that consume acetaminophen, ibuprofen, and other nonprescription or prescription COX inhibitors on a regular basis, the role of this class of drugs in skeletal muscle metabolism needs to be further defined. Further understanding of the COX-associated mechanisms that regulate skeletal muscle mass may provide insight into the mechanisms that regulate sarcopenia, and other conditions of cachexia and skeletal muscle atrophy.
